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We have measured the temperature dependence of the photoemission and x-ray absorption spec- 
tra of Lai-iSr^FeOa (LSFO) epitaxial thin films with x = 0.67, where charge disproportionation 



(3F 



,3.67+ 



2Fe 3+ +Fe 5+ ) resulting in long-range spin and charge ordering is known to occur below 



Tcd = 190 K. With decreasing temperature we observed gradual changes of the spectra with spec- 
tral weight transfer over a wide energy range of ~ 5 eV. Above Tcd the intensity at the Fermi level 
(Ef) was relatively high compared to that below Tcd but still much lower than that in conventional 
metals. We also found a similar temperature dependence for x = 0.4, and to a lesser extent for 
x — 0.2. These observations suggest that a local charge disproportionation occurs not only in the 
x = 0.67 sample below Tcd but also over a wider temperature and composition range in LSFO. 
This implies that the tendency toward charge disproportionation may be the origin of the unusually 
wide insulating region of the LSFO phase diagram. 

PACS numbers: 71.28.+d, 71.30.+h, 79.60.Dp, 73.61.-r 



I. INTRODUCTION 



It has been well known that carrier doping into Mott 
insulators causes various intriguing physical phenomena 
0. Among them, charge ordering (CO) and associated 
metal-insulator transition (MIT) have attracted partic- 
ular interest in relation to charge stripes in high-T c 
cuprates Q and spin-charge-orbital ordering in 'colossal' 
magnetoresistive manganites. Lai-^Sr^FeOa (LSFO) 
with x ~ 2/3 exhibits a charge disproportionation (CD) 
from the average valence state of Fe 3 ' 67+ (<i 4 - 33 ) into 
2Fe 3+ (d 5 )+Fe 5+ (d 3 ), a unique type of CO, below Tcd = 
190 K 3j, accompanied by both a resistivity jump by an 
order of magnitude and antiferromagnetic ordering. A 
neutron diffraction study by Battle et al. Q revealed 
a spin-density wave (SDW) of sixfold periodicity and 
a charge-density wave (CDW) of threefold periodicity 
along the (111) direction. They also reported the ap- 
parent absence of structural distortion in the charge or- 
dered state, whereas electron diffraction study by Li et 
al. [j| revealed superspots corresponding to a local struc- 
tural distortion along the (111) direction for the sample of 
x = 0.7. Optical conductivity spectra showed a splitting 
of optical phonon modes due to the folding of the phonon 
dispersion branch, caused by the lattice distortion below 
Tcd @- Cluster- model analyses of photoemission spec- 
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tra revealed that the charge disproportionation is better 
described as 3d 5 L 067 — > 2d 5 + d 5 L 2 , where L denotes a 
hole in the O 2p band, rather than 3d 4 33 ->• 2d 5 + d 3 , 
because of the oxygen p character of holes doped into the 
charge-transfer insulator LaFe03 J). Matsuno et al. 
studied temperature dependent changes near the Fermi 
level (Ef) in the photoemission spectra of LSFO with 
x — 0.67 and found that the intensity at Ep clearly 
changed across the transition temperature. They also 
reported smaller but finite changes for x = 0.55 and 
0.80 and suggested that a local charge disproportiona- 
tion may occur even away from x = 0.67. It was recently 
reported that Mossbauer spectra of LSFO with x = 0.5 
[9| show temperature-dependent valence changes similar 
to x = 0.67. 

In the previous work, we have performed soft x-ray 
photoemission and absorption measurements of high- 
quality Lai-^Sr^FeOs single crystals epitaxially grown 
by the pulsed laser deposition (PLD) method in situ [To| . 
Owing to the atomically flat, well-defined surfaces of the 
single-crystal thin films and the use of high energy soft x- 
rays (hv = 600 — 710 eV) compared to the previous work 
(hv — 21.2 — 100 eV) 0, the photoemission spectra, espe- 
cially of the valence band, revealed well-resolved struc- 
tures directly related to the Fe 3d states, enabling de- 
tailed electronic structure studies of this material. In the 
present work, we address the questions of how the elec- 
tronic structure of LSFO changes when the CD occurs as 
a function of temperature, using soft x-ray photoemission 
and absorption. We have also utilized Fe 2p — > 3d res- 
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FIG. 1: Electrical resistivity of Lai_^Sr^Fe03 thin films. 



onant photoemission effect to further enhance the Fe 3d 
contribution. We have investigated LSFO with x = 0.67 
to observe the change of the electronic structure accom- 
panied by charge disproportionation, as well as i = 0, 
0.2, and 0.4 samples. 

II. EXPERIMENT 

The experiment was performed at BL-2C and BL- 
1C of Photon Factory (PF), High Energy Accelerators 
Research Organization (KEK), using a combined laser 
molecular beam epitaxy (MBE) photoemission spectrom- 
eter system. The experimental setup is the same as that 
in Ref. 01 an d described in detail in Ref. 11.]. Epi- 
taxial thin films of LSFO were fabricated from ceramic 
targets of desired chemical compositions by the PLD 
method. Single crystals of Nb-doped SrTiOs were used 
as substrates. Nb doping was necessary to avoid charg- 
ing effects during the PES measurements. A Nd:YAG 
laser was used for ablation in its frequency-tripled mode 
(A = 355 nm) at a repetition rate of 0.33 Hz. The sub- 
strates were annealed at 1050°C at an oxygen pressure 
of ~ 1 x 10~ 6 Torr to obtain an atomically flat Ti02- 
terminated surface [l^. LSFO thin films of ~ 100 mono- 
layers were deposited on the substrates at 950° C at an 
oxygen pressure of ~ 1 x 10~ 4 Torr. The films were post- 
annealed at 400° C at an atmospheric pressure of oxy- 
gen to remove oxygen vacancies. The samples were then 
transferred from the MBE chamber to the spectrometer 
under an ultrahigh vacuum. The surface morphology of 
the measured films was checked by ex-situ atomic force 
microscopy. The electrical resistivity of x = 0.67 sample 
showed a jump at 190 K (= Tcd), whereas the other 
samples showed insulating behaviors in the whole tem- 
perature range, as shown in Fig. ^ 

Photoemission measurements were performed under an 
ultrahigh vacuum of ~ 10~ 10 Torr from room temper- 



2 




-14 -12 -10 -8 -6 -4 -2 



Energy relative to E F (eV) 




-14 -12 -10 -8 -6 -4 -2 



Energy relative to E F (eV) 

FIG. 2: (Color) Temperature dependence of the valence-band 
photoemission spectra of Lao. 33 Sro.67Fe03. (a): hv = 710 eV 
(on Fe 2p — > 3d resonance), (b): hv = 600 eV. 



ature down to 10 K. The PES spectra were measured 
using a Scienta SES-100 electron-energy analyzer. The 
total energy resolution was about 200 meV at the photon 
energy of 600 eV, about 250 meV at that of 710 eV (on 
Fe 2p — > 3d resonance), and about 35 meV at that of 40 
cV. The Ep position was determined by measuring gold 
spectra. The XAS spectra were measured in the total- 
electron-yield mode. The stoichiometry of the thin films 
was characterized by analyzing the relative intensities of 
relevant core levels, confirming that the compositions of 
the samples were nearly those of the ceramic targets |l0j . 



III. RESULTS AND DISCUSSION 

A. La .33Sro.67Fe0 3 

Figures |2] and [3] show the temperature depen- 
dence of the valence-band photoemission spectra of 
Lan.33Srn.67Fe03 taken at hv = 710 eV (on Fe 2p — > 3d 
resonance), 600 eV and 40 eV. The spectra taken at 
hv = 710 eV are considered to represent the Fe 3d par- 
tial DOS (PDOS) with extra enhancement of the satel- 
lite around —11 eV, whereas those taken at hv = 40 eV 
are dominated by the O 2p PDOS and those taken at 
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hv = 600 eV are mixtures of the Fe 3d and O 2p PDOS 
according to the corresponding atomic orbital photoion- 
ization cross-sections [lj|. In Fig. the spectra have 
been normalized to the area from 1 eV to —14 eV. One 
can observe four structures, namely, A (e s f band), B 
(*2gt band), C (Fc 3d— O 2p bonding states), and the 
satellite structure. The intensity at Ep is considerably 
low without a clear Fermi-level cutoff even at room tem- 
perature. A similar observation was reported for Fe3C>4 
fill HH Il6| . which also shows charge ordering below 
~ 120 K. The spectra change gradually with tempera- 
ture. With decreasing temperature, spectral weight is 
transferred from — (4 — 5) eV to structure A (e 9 | band) 
while the height of structure B (<2 9 t band) remains al- 
most unchanged. In Fig. [31 (a) (b) and thereafter we 
have normalized the spectra to the height of structure 
B, and concentrate on the spectra within ~ 3 eV of 
Ep. The spectra for 710 eV and 600 eV clearly indi- 
cate a transfer of spectral weight from the vicinity of 
Ep to structure A, that is, within the e 9 | band region 
with decreasing temperature. The energy range in which 
spectral weight transfer occurs is two orders of magni- 
tude larger than the transition temperature Tqd = 190 
K (~ 22 meV). Spectral weight transfer over such a wide 
energy range was also reported in other transition-metal 
oxides such as Lai-aSr^MnOs |l7j . Lai -xCa^MnOa 
[3, Ndi-zSr^MnO, EH, Pri^Sr^MnOa |2J and 
Ndi-^Sm^NiOs HHE^. The 40 eV spectrum [Fig. 3 (c)] 
does not show appreciable changes on the same energy 
and intensity scales, but near Ep a clear spectral weight 
transfer is observed [Fig. 3 (d)]. From those photon en- 
ergy dependences, we conclude that the temperature- 
dependent part of O 2p states are distributed within 
~ 0.8 eV of Ep and the temperature-dependent part of 
Fe 3c? states within ~ 2 eV of Ep. 

In order to characterize the spectral weight transfer 
more clearly, we have plotted the spectral weight of the 
710 eV spectrum (Fe 3d PDOS) integrated from -2.0 
eV to +0.3 eV and that of the 40 eV spectrum (O 2p 
PDOS) integrated from —1.0 eV to +0.3 eV as a function 
of temperature in Fig. 0] (a). We have also plotted the 
spectral weight integrated from —0.3 eV to +0.3 eV for 
the same photon energies in Fig. 0] (b) . A dramatic but 
gradual change of spectral weight is observed across the 
transition temperature in both plots. While the spectral 
weight within ~ 2 eV of Ep increases with decreasing 
temperature, reflecting the spectral weight transfer from 
— (4 — 5) eV to structure A, spectral weight in the vicinity 
of Ep decreases with decreasing temperature, reflecting 
the spectral weight transfer from near Ep to structure 
A. 

Next, Fig.[S]shows the temperature dependence of the 
Fe 2p and O Is XAS spectra. One cannot observe any 
changes in the Fe 2p XAS spectra within experimental 
errors, whereas there is a significant change in the O Is 
XAS spectra. Upon cooling, the peaks in the empty Fe 
3d band region become sharp, and the first peak corre- 
sponding to the doping-induced e 9 j band becomes more 
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FIG. 3: (Color) Temperature dependence of the valence-band 
photoemission spectra of Lao. 33 Sro.67Fe03. (a): hv = 710 eV 
(on Fe 2p — > 3d resonance), (b): hv = 600 eV, (c) and (d): 
hv = 40 eV. (d) shows an enlarged plot of (c) near Ef- 
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FIG. 4: Spectral weight in the e g f band region for 
Lao.33Sro.67Fe03 as a function of temperature : (a) Spectral 
weight integrated from —2.0 eV to +0.3 eV for hv — 710 eV 
(representing the Fe 3d PDOS) and from -1.0 eV to +0.3 
eV for hv = 40 eV (representing the O 2p PDOS). (b) Spec- 
tral weight near Ef integrated from —0.3 eV to +0.3 eV for 
hv = 710 eV and 40 eV 



intense. This spectral change is opposite to the change 
of the photoemission spectra in the vicinity of Ef but 
is the same as the increase of structure A. At the same 
time, spectral weight on the higher energy side of the 
first peak decreases upon cooling, resulting in the overall 
shift of the first peak toward lower energies. In addition, 
the structure at ~ 530 eV changes its lineshape and is 
shifted to lower energies. 
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FIG. 5: (Color) Temperature dependence of XAS spectra of 
La .33Sro.67Fe0 3 . (a) Fe 2p (b) O Is. 
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FIG. 7: (Color) Temperature dependence of the valence-band 
photoemission spectra of Lai-zSr^FeOs taken at hv = 710 
eV, i.e. Fe 2p — > 3d resonance, (a) x = (b) x = 0.2 (c) 
x = 0.4. 
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FIG. 6: Schematic picture of the spectral changes with de- 
creasing temperature in Lan.33Srn.67Fe03. 



To summarize those spectral changes, we show a 
schematic picture in Fig. El Below Ep , upon cooling 
spectral weight is transferred from the ne&r-Ep states as 
well as from the states at —(4 — 5) eV of Fe 3c? character 
to the states of Fe 3d character and O 2p character at 
~ — 2 eV and ~ — 1 eV, respectively (composing struc- 
ture A). Correspondingly, there is an increase in the O 
2p DOS at ~ +1 eV above Ep upon cooling. We believe 
that the DOS in the vicinity of Ep decreases above Ep, 
too, since a gap should open at Ep, but the change as- 
sociated with the gap opening may be too small to be 
observed with the resolution of O Is XAS. 

The gradual temperature dependence indicates that 
CD does not occur abruptly at Tc d but occurs gradually 
from well above Tcd, namely, that a local CD occurs well 
above Tcd and continues to develop below Tcd, too. It 
would be interesting to investigate other Fe oxides which 
undergoes charge ordering such as CaFeOs and Fe3 04 
to see whether such a temperature-dependent spectral 
weight transfer is a common phenomenon or not. 

B. Lai-zSr^FeOi) with x = 0, 0.2, 0.4 

We have also measured LSFO thin films with x = 0, 
0.2, and 0.4 by photoemission and O Is XAS to see 
whether the temperature dependence seen for x — 0.67 



is unique to this composition or not. For x = 0, 0.2, 
and 0.4, the system is insulating at all temperatures 
without any abrupt change in the resistivity as shown 
in Fig. and exhibits only antiferromagnetic transitions 
above room temperature (at about 740 K, 520 K, and 
320 K, respectively). 

In Fig. [7| we show the temperature dependence of the 
valence-band photoemission spectra of LSFO with x = 0, 
0.2, and 0.4 taken at hv = 710 eV, i.e., on Fe 2p -> 
3d resonance. The intensity of peak A increases with 
decreasing x due to the increase in the e 9 j band filling, as 
reported in the previous paper |]~ol | . There was only very 
weak temperature dependence for x = 0, as expected. 
As for x — 0.2 and 0.4, however, the spectra change 
gradually with temperature as in the case of x = 0.67, 
that is, the intensity of peak A increases and that in 
the vicinity of Ep decreases with decreasing temperature. 
Surprisingly, the magnitude of the changes for x = 0.4 is 
comparable to that of x = 0.67. 

We also measured the temperature dependence of the 
O Is XAS spectra, as shown in Fig. EI The spectra for all 
x's show appreciable temperature dependence. Particu- 
larly for x = 0.4, the change is as dramatic as in the case 
of x = 0.67. From Figs. [7| and 00 we conclude that the 
temperature dependence becomes stronger with increas- 
ing x until x = 0.67 but that x = 0.4 shows as strong 
temperature dependence as x — 0.67. 

Although there is no long-range charge ordering in 
the x = 0.4 sample, the temperature dependence com- 
parable to x = 0.67 suggests that a local charge dis- 
proportionation occurs at low temperatures for x = 0.4, 



5 




526 528 530 532 534 526 528 530 532 534 



Photon Energy (eV) Photon Energy (eV) 




526 528 530 532 534 



Photon Energy (eV) 

FIG. 8: (Color) Temperature dependence of the O Is XAS 
spectra of Lai-^Sr^FeOs. (a) x = (b) x = 0.2 (c) x = 0.4. 



too. The present results together with the previous re- 
port on the temperature-dependent photoemission study 
of x = 0.55 and 0.80 suggest that the local charge 
disproportionation occurs over a wide composition range 
around x — 0.67. If all Fe 4+ (predominantly of the d 5 L 
configuration) ions in the Fe + — Fe 3+ mixed valence state 
disproportionate into Fe 3+ (d 5 ) and Fe 5+ (d 5 L 2 ), the de- 
gree of the temperature dependence would be propor- 
tional to the concentration of the Fe 4+ ions and hence to 
x, which may be consistent with the result that the spec- 
tral change of x = 0.4 is comparable to that of x = 0.67. 
The Mossbauer spectra of LSFO with x = 0.5 0, which 
show valence changes similar to the case of x = 0.67, sup- 
port our scenario of local charge disproportionation. For 
x > 0.67, the local charge-disproportionated state may 
become unstable because this system approaches SrFeC>3, 
where the metallic state is stable. 

One striking feature of the LSFO phase diagram is that 
the insulating phase is unusually wide (0 < x < 0.9 at 
low temperatures, and < x < 0.5 at room temperature) 
8J. The observation that there is a gap at Ep for all 
values of x in the photoemission and XAS spectra 01 
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is naturally related to the wide insulating phase of this 
material. From the present work, we propose that the 
wide insulating region with the gap or pseudogap are 
due to the local charge disproportionation. Search for, 
e.g., diffuse scattering corresponding to the local charge 
disproportionation in samples with x ^ 0.67 is desired to 
test our proposal. 

IV. CONCLUSION 

We have measured the temperature dependence of the 
photoemission and XAS spectra of Lao.33Sro.67Fe03 to 
study the spectral change across the transition tempera- 
ture of charge disproportionation. We observed gradual 
changes of the spectra with temperature. Above Tcd 
the intensity at the Fermi level (Ep) becomes relatively 
high compared to that below Tcd but shows no clear 
Fermi-level cutoff and still remains much lower than that 
in conventional metals. Below Ep, spectral weight trans- 
fer was observed. Spectral weight is transferred from the 
neai-Ep states of mixed Fe 3d— O 2p character to the 
states of both Fe 3d and O 2p character well below Ep 
primarily within the e g | band. Strong temperature de- 
pendence was also observed above Ep in the O Is XAS 
spectra. We also measured the temperature dependence 
of the photoemission and XAS spectra of Lai-^Sr^FeOa 
with x = 0, 0.2, 0.4. For x — 0.4, temperature depen- 
dence comparable to x — 0.67 was observed. Those ob- 
servations suggest that a local charge disproportionation 
occurs not only in the x = 0.67 sample below 190 K but 
over a wider temperature and composition range. We 
propose that this local charge disproportionation is the 
origin of the wide insulating region of the LSFO phase 
diagram. 
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